Correspondence: coraifeartaigh@wit.ie It has recently been discovered that Einstein once attempted -and subsequently abandoned -a 'steady-state' model of the universe, i.e., a cosmic model in which the expanding universe remains essentially unchanged due to a continuous creation of matter from empty space. The discovery offers several new insights into Einstein's cosmology, from his view of the role of the cosmological constant to his attitude to the question of cosmic origins. More generally, Einstein's exploration of steady-state cosmology casts new light on his philosophical journey from a static, bounded cosmology to the dynamic, evolving universe, and is indicative of a pragmatic, empiricist approach to cosmology.
Introduction
It has recently been discovered that Einstein once explored a 'steady-state' model of the cosmos O'Raifeartaigh 2014; Nussbaumer 2014a ). An unpublished manuscript on the Albert Einstein Online Archive (Einstein 1931a) shows that Einstein considered the possibility of a universe that expands but remains essentially unchanged due to a continuous formation of matter from empty space (figure 1). 1 We have argued elsewhere that several aspects of the manuscript indicate that it was written in the early months of 1931, during Einstein's first trip to California, and other scholars have reached the same conclusion. 2 Thus, the paper very probably represents Einstein's first attempt at a cosmic model in the wake of emerging evidence for an expanding universe. It appears that he abandoned the idea when he realised that the specific steady-state theory he attempted led to a null solution, as described below.
Many years later, steady-state models of the expanding cosmos were independently proposed by Fred Hoyle, Hermann Bondi and Thomas Gold (Hoyle 1948; Bondi and Gold 1948) . The hypothesis formed a well-known alternative to 'big bang' cosmology for over a decade (Kragh 1996 pp 186-218; Kragh 2007 pp 187-206; Nussbaumer and Bieri 2009 pp 161-163) , although it was eventually ruled out by astronomical observations in the mid1960s. 3 While it could be argued that steady-state cosmologies are of little practical interest today, we find it most interesting that Einstein conducted an internal debate between steadystate and evolving models of the cosmos decades before a similar debate engulfed the cosmological community. In particular, the episode casts new light on Einstein's philosophical journey from a static, bounded cosmology to the dynamic, evolving universe.
Historical context
Following the successful formulation of his general theory of relativity (Einstein 1915a (Einstein , 1915b ), Einstein lost little time in applying his new theory of gravity, space and time to the universe as a whole. 4 Assuming a cosmos that was static over time, 5 and that a consistent theory of gravitation should incorporate Mach's principle, 6 he found it necessary to add a new 'cosmological constant' term to the field equations of relativity in order to predict a universe with a non-zero mean density of matter (Einstein 1917b) . 7 The introduction of the cosmological constant led Einstein to a finite, static cosmos of spherical spatial geometry whose radius was directly related to the density of matter.
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That same year, the Dutch theorist Willem de Sitter noted that general relativity allowed for another model of the cosmos, namely the case of a universe empty of matter (de Sitter 1917) . Einstein was greatly perturbed by de Sitter's solution, as it suggested a spacetime metric that was independent of the matter it contained, in conflict with his understanding of Mach's principle. 9 The de Sitter model became a source of some confusion amongst theorists for some years; it was later realised that the model was not static (Weyl 1923; Lemaître 1925) . However, the solution attracted some attention in the 1920s because it predicted that the radiation emitted by objects inserted as test particles into the 'empty' universe would be red-shifted, a prediction that chimed with emerging astronomical observations of the spiral nebulae.
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In 1922, the young Russian physicist Alexander Friedman suggested that non-stationary solutions to the Einstein field equations should be considered in relativistic models of the 4 A major motivation was the clarification of the conceptual foundations of general relativity, i.e., to establish "whether the relativity concept can be followed through to the finish, or whether it leads to contradictions" (Einstein 1917a) . 5 No empirical evidence to the contrary was known to Einstein at the time. 6 Einstein's view of Mach's principle in these years was that space could not have an existence independent of matter; thus the spatial components of the metric tensor of the field equations should vanish at infinity (Einstein 1918a; Janssen 2005) 7 It was also assumed that the universe was homogeneous and isotropic on the largest scales Einstein's suggestion was that a new term comprising the fundamental tensor g μν multiplied by a universal constant λ could be added to the field equations without destroying the general covariance. This term resulted in a static universe of closed curvature, neatly removing the problem of boundary conditions. However, it was later shown that this solution is unstable against the slightest inhomogeneity in matter (Eddington 1930) . 9 Einstein also suspected the de Sitter universe contained spacetime singularities and that the model was not static. An overview of Einstein's objection to the de Sitter universe can be found in (Berstein and Feinberg 1986) pp 10-11, (Earman 2001) and (Nussbaumer and Bieri 2009) p78. 10 Observations of the redshifts of the spiral nebulae were published by VM Slipher in 1915 (Slipher 1915 , and became widely known when they were included in a book on relativity and cosmology by Arthur Eddington (Eddington 1923).
cosmos (Friedman 1922) . 11 With a second paper in 1924, Friedman explored almost all the main theoretical possibilities for the evolution of the cosmos and its geometry (Friedman 1924 ). However, Einstein did not welcome Friedman's time-varying models of the cosmos.
His first reaction was that Friedman had made a mathematical error (Einstein 1922 (Slipher 1915 (Slipher , 1917 , and of Edwin Hubble's emerging measurements (Hubble 1925) of the vast distances to the nebulae (Kragh 1996 p29; Farrell 2009 p78, p90 In the language of relativity, Friedman was the first to allow the possibility of a dynamic space-time metric for the universe. 12 Einstein wisely withdrew the remark before publication. A more detailed account of this episode can be found in (Stachel 1977) , Bieri 2009) pp 91-92 or (Nussbaumer 2014b 14 It was on this occasion that Lemaître first learnt of the earlier work of Alexander Friedman (Lemaître 1958) . 15 It has recently been argued that Hubble's 1929 graph was far from definitive due to a number of misclassifications (Peacock 2013) . However, many physicists found the result quite convincing at the time. 16 Einstein's universe was not stable (Lemaître 1927; Eddington 1930) while de Sitter's universe was not truly static (Weyl 1923; Lemaître 1925). take the notion of a relativistic cosmic expansion seriously, 17 and a variety of time-varying models of the cosmos of the Friedman-Lemaître type were advanced (Eddington 1930 : de Sitter 1930a Tolman 1930a Tolman , 1930b Tolman , 1931 Tolman , 1932 Heckmann 1931 Heckmann , 1932 Robertson 1932 Robertson , 1933 (Nussbaumer and Bieri 2009, pp 144-146) , (Bartusiak 2009, pp 251-256) and (Eisinger 2011 pp 110-115) . It has been suggested that the seed for Einstein's conversion may have been planted during his visit to Eddington in the summer of 1930 (Nussbaumer 2014b (Einstein 1931b ). The resulting model predicted a cosmos that would undergo an expansion followed by a contraction, and Einstein made use of Hubble's observations to extract estimates for the current radius of the universe, the mean density of matter and the timespan of the expansion. Noting that the latter estimate 22 was less than the ages of the stars estimated from astrophysics, Einstein attributed the problem to errors introduced by the simplifying assumptions of the models, notably the assumption of homogeneity: "The greatest difficulty with the whole approach, as is well-known, is that the elapsed time since P = 0 comes out at only about 10 10 years….One can seek to escape this difficulty by noting that the inhomogeneity of the distribution of stellar material makes our approximate treatment illusory" (Einstein 1931b ).
In early 1932, Einstein and Willem de Sitter both spent time at Caltech in Pasadena, and they used the occasion to explore a new dynamic model of the cosmos. This model was based on the realisation that a finite density of matter in a non-static universe does not necessarily demand a curvature of space. 23 Mindful of a lack of empirical evidence for spatial curvature, Einstein and de Sitter set this parameter to zero (Einstein and de Sitter 1932) . With both the cosmological constant and spatial curvature removed, the resulting model described a cosmos of Euclidean geometry in which the rate of expansion ℎ was related to the mean density of matter by the simple relation ℎ 2 = (North 1965 p134; Kragh 1996 p35; Nussbaumer and Bieri 2009 p152; Nussbaumer 2014b) . One reason was that it marked an 22 Einstein miscalculates the age of the expansion as 10 10 years instead of 10 9 ; however his estimate is still small enough to conflict with estimates of stellar age (Einstein 1931b; . 23 This possibility seems to have been overlooked by Friedman (Friedman 1922 (Friedman , 1924 and was first suggested by Otto Heckmann (Heckmann 1931) . 24 The pressure of radiation was also assumed to be zero in the model. important hypothetical case in which the expansion of the universe was precisely balanced by a critical density of matter; a cosmos of lower mass density would be of hyperbolic geometry and expand at an ever-increasing rate, while a cosmos of higher mass density would be of spherical geometry and eventually collapse. Another reason was the model's great simplicity; in the absence of any empirical evidence for spatial curvature or a cosmological constant, there was little reason to turn to more complicated models. 25 The timespan of the model was not considered in the rather terse paper of Einstein and de Sitter (Einstein and de Sitter 1932 certainly a reference to the fact that the estimated timespan of dynamic models was not larger than the ages of stars as estimated from astrophysics. However, the sentence is a little ambiguous; it is possible that Einstein's difficulty also concerns the very idea of a "beginning in time" for the universe.
28 The blank space representing theoreticians other than Tolman who suggested dynamic solutions is puzzling as Einstein was unquestionably aware of the dynamic cosmological models of both Friedman and Lemaître. Einstein also neglects to make it clear which investigations revealed that his static solution was unstable; these omissions may be an indication that the paper was written far from home. 29 We note that there is again no reference to the dynamic models of Friedman or Lemaître . He concludes from equation (4) that the density of matter ρ remains constant and is related to the expansion factor α:"The density is therefore constant and determines the expansion apart from its sign." This would be a stunning result, but it should be noted that equation (4) is incorrect, and arose from an incorrect derivation of the coefficient of α 2 in the first of the simultaneous equations. Einstein later corrected this coefficient from +9/4 to -3/4 (see figure   2 ), an amendment that leads to the null solution ρ = 0 instead of equation (4).
In the final paragraph of the manuscript, Einstein proposes a physical mechanism to allow the density of matter to remain constant in an expanding universe, namely the creation of matter from radiation in order to avoid a gradual 'running down' of the universe due to the conversion of matter into energy in stellar processes (MacMillan 1918 (MacMillan , 1925 . The proposal was welcomed by Robert Millikan, who suggested that the process might be the origin of cosmic rays (Millikan 1928) . The idea of a continuous creation of matter from radiation was also briefly considered by Richard Tolman as a means of introducing matter into the empty de Sitter universe, although he saw the idea as rather improbable (Tolman 1929) .
Other physicists considered the possibility of a continuous creation of matter from empty space. In 1928, James Jeans speculated that matter was continuously created in the centre of the spiral nebulae: "The centre of the nebulae are of the nature of singular points at which matter is poured into our universe from some other spatial dimension….so that they appear as points at which matter is continually created" (Jeans 1928) . Similar ideas of continuous creation were explored by the Swedish scientist Svante Arrhenius and the German chemist Walther Nernst (Arrhenius 1908 (Arrhenius , 1909 Nernst 1928) .
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Following the discovery of the systematic recession of the spiral nebulae, Richard
Tolman suggested that a continuous annihilation of matter into radiation might be responsible for a cosmic expansion (Tolman 1930a (Nussbaumer 2014a ).
The concept of an expanding universe that remains in a steady-state due to a continuous creation of matter from empty space is most strongly associated with the Cambridge physicists Fred Hoyle, Hermann Bondi and Thomas Gold (Hoyle 1948; Bondi and Gold 1948) . In the late 1940s, these physicists became concerned with well-known problems associated with evolving models of the cosmos. In particular, they noted that the evolving models predicted a timespan for expansion that was problematic, and disliked
Lemaȋtre's hypothesis of a universe with a fireworks beginning (Lemaȋtre 1931b (Lemaȋtre , 1931c .
Another concern was philosophical in nature; if the universe was truly different in the past, was it not inconsistent to assume that today's laws of physics applied? In order to circumvent these, and other problems, 34 the trio explored the idea of an expanding universe that does not evolve over time, i.e., a cosmos in which the mean density of matter is maintained constant by a continuous creation of matter from the vacuum (Hoyle 1948; Bondi and Gold 1948) .
In the case of Bondi and Gold, the proposal of a steady-state model took as starting point the 'perfect cosmological principle', a philosophical principle that stated that the The creation-field term allowed for an unchanging universe but was of importance only on the largest scales, in the same manner as the cosmological constant. In this model, the expansion of space was driven by the creation of matter, and the perfect cosmological principle emerged as consequence rather than starting assumption. A more sophisticated 34 Hoyle was also concerned about the problem of the nucleosynthesis of the elements and the problem of the formation of galaxies in an expanding universe (Hoyle 1948) . 35 We have adjusted Hoyle's notation slightly to match that of section 3. formulation of the model, based on the principle of least action, was proposed in later years (Hoyle and Narlikar 1962) .
As is well known, a significant debate was waged between steady-state and evolving models of the cosmos during the 1950s and 1960s (Kragh 1996 pp 252-268; Kragh 2007 pp 187-190; Mitton 2005 pp 167-196) . Eventually, the steady-state universe was effectively ruled out by observation, in particular by the study of the distribution of the galaxies at different epochs and by the discovery of the cosmic microwave background (Kragh 1996 pp 318-380; Kragh 2007 pp 201-206; Narlikar 1988 pp 218-219) . There is no evidence that any of the steady-state theorists were aware of Einstein's attempt; indeed, it is likely that they would have been greatly intrigued to learn that Einstein had once considered a steady-state universe.
On Einstein's philosophy of cosmology
It should come as no great surprise that, when confronted with empirical evidence for an expanding universe, Einstein considered a steady-state or 'stationary' model of the expanding cosmos. Such a hypothesis fits well with his lack of interest in non-stationary solutions to the field equations in 1917, and his negative reaction to the dynamic models of
Friedman and Lemaître when they were first proposed (see section 2). Indeed, a model of the expanding cosmos in which the mean density of matter remains unchanged over time seems a natural successor to Einstein's static model of 1917 from a philosophical point of view.
However, the steady-state universe demanded the conjecture of a continuous creation of matter and, as Einstein discovered, a consistent model of the latter process was not possible without the introduction of another new term to the field equations. By contrast, an expanding universe of varying matter density could be described without any such amendment -and indeed without the cosmological constant, as Einstein proposed in his evolving models (Einstein 1931b; Einstein and de Sitter 1932 Considering first Einstein's cosmic model of 1917, it is often loosely asserted that the cosmological constant was introduced to the field equations in order to predict a static rather than a contracting universe. In fact, it is more accurate to say that the purpose of the cosmological constant was to allow the prediction of a finite density of matter in a universe that was assumed a priori to be static. No evidence for a dynamic universe was known at the time, and the notion of an expanding or contracting universe would have seemed very farfetched. 37 When Friedman suggested time-varying solutions to the field equations as a hypothetical possibility in 1922, Einstein was one of the few who paid attention; however, he found time-varying solutions 'suspicious' due to a lack of supporting evidence. In 1927,
Lemaître's expanding model of the universe was inspired by observations at the cutting edge of astronomical research; Einstein's rejection of this model can probably be attributed to a lack of familiarity with advances in astronomy. Lemaître certainly thought so, commenting later that Einstein did not seem to be aware of recent astronomical measurements (Lemaître 1958).
With the publication of astronomical observations suggestive of an expanding cosmos in 1929, Einstein lost little time in abandoning the static universe. It seems that he had no difficulty changing his viewpoint once such a change was warranted by the evidence.
37 Indeed, Einstein refers to the model as " making possible a quasi-static distribution of matter, as required by the fact of the small velocities of the stars" (Einstein 1917b first guess was an expanding universe that remains essentially unchanged over time -the obvious next step after his static model. However, no evidence existed in support of the hypothesis of the continuous creation of matter, and when it became apparent that a consistent steady-state theory could not be achieved without altering the field equations, Einstein turned to evolving models instead. Noting that expanding models did not necessarily require a cosmological constant, he removed this term (Einstein 1931b) . When he realised that spatial curvature was also no longer a given in dynamic cosmologies, this parameter was removed in turn (Einstein and de Sitter 1932) . This sequence of ever simpler models suggests an approach to cosmology that was not conservative but pragmatic -a minimalist, empirical approach to the study of the universe. That Einstein did not propose any cosmic models beyond this point is another example of this pragmatism; as he explained later, he saw little point in speculating further in the absence of new empirical data on cosmological parameters such as spatial curvature and the density of matter (Einstein 1945 pp 133-134) .
We note that this approach to cosmology is very typical of Einstein's general approach to physics, at least in his younger years. Sometimes described as positivist, Einstein's approach is more accurately described as a philosophy of logical empiricism -he embraced the central importance of observations in the testing of a theoretical hypothesis, at least in a holistic sense, 38 but also assigned great importance to the construction of consistent theories from analytic principles of logic (Frank 1948, pp 259-263; Frank 1949 pp 271-286; Reichenbach 1949 pp 309-311; Einstein 1949 pp 680-681) . This is a very different approach to that of Compte or Mach, who suggested that the fundamental laws of physics should only contain concepts that could be defined by direct observations, or at least be connected to observation by a short chain of thought. It is also different to that of empiricists such as construction. But the creative principle resides in mathematics" (Einstein 1933b; Einstein 1934 p36) .
On the cosmological constant and dark energy
Until recently, it was universally assumed that, with the emergence of the first empirical evidence for an expanding universe, Einstein abandoned the cosmological constant along with the static universe (North 1965 p132; Kragh 1996 p34; Straumann 2002; Nussbaumer and Bieri 2009 p147; Nussbaumer 2014b 
On the question of cosmic origins
To modern eyes, a striking aspect of Einstein's steady-state manuscript is that there is no reference to the problem of an implied singularity for evolving models, or to the related question of an origin for the universe. Indeed, the paper is the only steady-state model of the expanding universe known to us that is not motivated (at least in part) by a desire to 43 In this discussion, the pressure p is equivalent to the cosmological term . circumvent this problem. 44 Einstein is certainly very conscious of the problem of the short timespan of evolving models (see section 3), but it is notable that he makes no specific reference to the problem of origins.
One explanation may be that Einstein's steady-state manuscript almost certainly predates Lemaître's proposal of a 'fireworks beginning' for the universe (Lemaître 1931b (Lemaître , 1931c . However, the issue of cosmic origins for evolving models was recognized before these papers were published. 45 We note instead that Einstein's silence on the question is very typical of his cosmology -there is no reference to the problem in either of his evolving models (Einstein 1931b; Einstein and de Sitter 1932) or in a contemporaneous review of dynamic cosmology (Einstein 1933a 
On the philosophy of relativity
We note in passing that Einstein's steady-state manuscript does not contain any considerations of philosophical issues associated with the theory of relativity, as opposed to cosmology. The professional philosopher may be somewhat disappointed by the lack of reference to problems such as the use of idealised clocks and rulers in relativity, 46 The problem of origins was a key motivation in the steady-state models of Hoyle, Bondi and Gold (Hoyle 1948; Bondi and Gold 1948) . 45 See for example (Eddington 1930 See (Brown 2014 ) for a review. 47 A longstanding question was whether the spacetime metric of relativity was a mathematical tool to describe gravity, or whether gravity 'was' geometry. Einstein rarely discussed this point, but it appears he did not endorse the latter position in later years (Einstein 1948; Lehmkuhl 2014) . that Einstein's approach to cosmology was essentially pragmatic; general relativity was a useful tool to describe the universe, but by no means the ultimate answer.
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On paradigm shifts and Einstein's philosophy of science
We note finally that Einstein's steady-state manuscript does not support a view that his acceptance of the evolving universe occurred as an abrupt change to a new worldview that quickly became 'incommensurate' with the old. 49 As described above, the model appears as an intermediate step in a long, pragmatic journey from the static universe to an expanding, evolving cosmology. Indeed, the manuscript provides a new piece of evidence today's 'big bang' cosmology did not emerge as an abrupt 'paradigm shift' in the manner envisioned by Thomas Kuhn, but rather as a slow dawning in both theory and observation within a single paradigm, the relativistic universe.
It is unfortunate that Einstein's cosmology papers of the 1930s are not better known, as the pragmatic, empirical approach we have discussed above is very different to Einstein's work on unified field theory in these years (Einstein and Mayer 1930 . Indeed, we find that the cosmology papers are very reminiscent of the young Einstein's approach to emerging phenomena (Einstein 1905a (Einstein , 1905b (Einstein , 1905c . One wonders whether the familiar narrative that Einstein became more and more attached to a formal mathematical approach to physics in his later years is entirely accurate. Could it be that Einstein's philosophical approach to science did not truly change, but that the intense level of mathematical abstraction one associates with Einstein's later work was simply a facet of the great technical challenge posed by unified field theory?
Conclusions
Einstein's attempt at a steady-state model was abandoned before publication but it offers many insights into his philosophy of cosmology. His hypothesis of a universe of expanding radius and constant matter density is very different to his static model of 1917 or his evolving models of 1931 and 1932, and anticipates the well-known steady-state cosmology of Hoyle, Bondi and Gold. The model was almost certainly written in early 1931, when Einstein first learnt of empirical evidence for a cosmic expansion. It was unsuccessful due to a fundamental technical flaw and it appears that Einstein then turned to evolving 48 As we have argued elsewhere, it is likely that Einstein's search for a unified field theory in these years made him very conscious of the limitations of relativistic models of the cosmos . 49 The concept of incommensurability refers to Thomas Kuhn's suggestion that it soon becomes impossible to make a meaningful comparison between a new scientific paradigm and its predecessor because the underlying assumptions of the worldviews are different (Kuhn, 1962) . models rather than introduce a new term to the field equations. The steady-state manuscript is nevertheless of interest because it offers new evidence that Einstein's journey from a static, bounded cosmology to the dynamic, evolving universe was that of a pragmatic empiricist, rather than a reluctant conservative. (Einstein 1931a) , reproduced by kind permission of the Hebrew University of Jerusalem. Equation (4) implies a direct relation between the expansion coefficient α and mean density of matter ρ. The sentence immediately below states "Die Dichte ist also constant und bestimmt die Expansion bis auf das Vorzeichen" or "The density is therefore constant and determines the expansion apart from its sign". However, the coefficient of α 2 in the first of the simultaneous equations was amended to -3/4 on revision, a correction that gives the null result ρ = 0 instead of equation (4).
